Inositol monophosphatase (EC 3.1.3.25), the putative molecular site of action of lithium therapy for manicdepressive illness, plays a key role in the phosphatidylinositol signaling pathway by catalyzing the hydrolysis of inositol monophosphates. To provide a structural basis from which to design better therapeutic agents for manic-depressive illness, the structure of human inositol monophosphatase has been determined to 2.1-A resolution by using x-ray crystallography.
13-sheets. Sulfate and an inhibitory lanthanide cation (Gd3+) are bound at identical sites on each subunit and establish the positions of the active sites. Each site is located in a large hydrophilic cavern that is at the base of the two central helices where several segments of secondary structure intersect. Comparison of the phosphatase aligned sequences of several diverse genes with the phosphatase structure suggests that the products of these genes and the phosphatase form a structural family with a conserved metal binding site.
Lithium therapy for manic-depressive illness is believed to be effective because of the ability of Li+ to reduce signal transduction through the phosphatidylinositol signaling pathway (1-5). In this pathway second messengers diacylglycerol and inositol trisphosphate are produced from phosphatidylinositol-4,5-bisphosphate by the receptor-mediated activation of phosphatidylinositol-specific phospholipase C (1). Metabolism of inositol-1,4,5-trisphosphate, which induces the release of Ca2+ from internal stores, to inositol, a precursor for the resynthesis of inositol lipids, involves several hydrolytic steps (1, 6). Uncompetitive Li+ inhibition of two Mg2+-dependent phosphatases in the signaling pathway, inositol monophosphatase (EC 3.1.3.25) (5) and inositol polyphosphate 1-phosphatase (refs. 7 and 8; also designated inositol-1,3 ,4-trisphosphate/inositol-1 ,4-bisphosphate 1-phosphatase, ref. 9) , reduces the pool of inositol available for the resynthesis of inositol phospholipids, thereby reducing the phosphatidylinositol-specific phospholipase C-mediated production of second messengers (1, 2). The effects of Li+ on manic-depressive illness are surprisingly specific, in part because of the inability of inositol to cross the bloodbrain barrier and replenish depleted inositol levels but also because of the uncompetitive Li+ inhibition (1, 2), which exerts the greatest influence when substrate is saturating (10) . Because inositol monophosphatase is responsible for catalyzing the hydrolysis of inositol monophosphates produced both in the signaling pathway and in the de novo biosynthesis of inositol from glucose 6-phosphate, it appears to be the most plausible molecular site of action of Li+ (1, 2). As a first step toward the goal of using the atomic structure of the enzyme to design inhibitors, the crystal structure of human inositol monophosphatase, a dimer of identical 277-amino acid subunits (30 kDa; ref. 11) has been determined to 2.1-A resolution. § EXPERIMENTAL PROCEDURES Materials. Cloned human inositol monophosphatase was purified from Escherichia coli as described (11) and crystallized by vapor diffusion (12) . Because inositol monophosphatase is inhibited by Ca2+ (5) , crystallization experiments were attempted in the presence of both Ca2+ and Gd3+, a heavy metal substitute for Ca2+ (13) . Hanging drops were prepared by adding equal volumes (2-4 1.L) of solutions of 64-68% saturated Li2SO4 (Fluka; adjusted to pH 7.0) containing 5 mM glutathione, 3 mM NaN3, and either 2-6 mM Gd2(SO4)3 (Aldrich) or 5 mM CaSO4 and of inositol monophosphatase (10 mg/ml) containing 20 mM Tris HCl (pH 7.8), 1 mM EGTA, and 2 mM o-phenanthroline and allowing the drops to equilibrate for several weeks. Cylinders with a hexagonal cross section formed within 3 days in the presence of Gd3+ and within 2 months in the presence of Ca2 .
Data Collection. Native and derivative data were collected from single crystals by using monochromatic CuKa x-rays (A =1.5418 A) and a Siemens multiwire x-ray area detector.
Data were processed by using Version 2.0 of the XENGEN software (14) . (18, 19) and the resulting electron density map was averaged using noncrystallographic symmetry (20) . The program FRODO (21) was used to build the protein chain into the electron density map and the structure was refined using PROLSQ (22, 23) , treating the subunits as independent protein segments throughout refinement. The model was refined using data from the Gd3+ crystals because of the inability to grow large Ca2+ crystals. Approximately 10%o of the residues appeared to be disordered and were either left out of the model, including the N-terminal three residues and C-terminal residue, or refined as multiple conformations. In three regions having the highest temperature factors in the protein, residues 29-33, 75-80, and 275-276, some disorder is still apparent and the model remains somewhat uncertain. Electron density supporting the model returns in these regions in omit maps calculated using coordinates that had been refined for three cycles with up to 15 residues of the chain removed. The final model, with a crystallographic residual error (R) value of 0. 166 (Table 1) , includes two protein chains of 273 residues, two Gd3+ atoms, two metal-bound sulfates, and 239 water molecules and has an average temperature factor of 26 A2.
RESULTS
Structure. Inositol monophosphatase is an a-,B protein with a five-layered sandwich of a-helices and ,B-sheets for each subunit (Fig. 1A) . In each phosphatase subunit, a central pair of helices are flanked by two 8-sheets, both largely antiparallel, that together make up a central core. This core is flanked on each side by two additional pairs ofhelices, establishing a sandwich of alternating pairs of helices and j3-sheet structures (a arI3a). The structure is completed by two small helices, approximately two turns each, and several extended or irregular segments of protein chain. The subunit interface is extensive and involves interactions distributed throughout the chain (Fig. 1B) : 10% of the surface area on each subunit is buried upon dimer formation (1200 A2; roughly two-thirds nonpolar atoms) and 17% of the residues on each subunit are close enough to participate in the Significant deviations between the main-chain structures of the subunits, with root mean square deviations up to 1 A, occur only in turns and solvent-exposed, extended, or irregular segments of the chain. Differences in the side-chain conformations on each subunit are more prevalent than main-chain differences but also appear restricted to solventexposed residues. Active Site. The two active sites are identified by the locations of the Gd3+ atoms, since Gd3+ and Ca2+ bind at the same site and because Ca2+ is a competitive inhibitor with respect to Mg2+ (5) . In addition, sulfate molecules are bound to the Gd3+ on each subunit and would be expected to interact with the enzyme in the essentially same manner as the phosphate group of substrates or phosphate product. Some penetration of residues from the B subunit into the active site of the A subunit is observed, but it does not appear that the active site is shared between subunits. In particular, Arg-191 projects through the subunit interface and interacts with the solvent filling the active site, but (24) and dimer (B). The view of the monomer is into the subunit interface of the molecule and the active site is identified by the Gd3+. The view of the dimer is approximately down the dimer twofold axis and shows the locations of sulfate (ball and stick) and Gd3+ (orange sphere).
surface of the active site is contributed by polar atoms with no large hydrophobic patches evident. (27) with the most likely candidates being the six atoms closest to the Gd3+.
In addition to interactions with the metal cation, sulfate binding involves the formation of hydrogen bonds between one sulfate oxygen and the amide groups of residues 94 and 95 (Fig. 2) (Fig. 2, 05 ) and the metal-coordinated hydroxyl group of Thr-95 (Fig. 2) . Of the two possibilities, the water is closer to the sulfate and in a more appropriate location to act as the active site nucleophile. The closest histidine or serine residues are located a distance of >8 A from the sulfate sulfur and are poorly positioned relative to the metal binding site to function as nucleophiles. Although the structure of the phosphatase can not unambiguously resolve questions concerning the mechanism, it does provide a framework from which experiments can be designed to improve our understanding of the function of the phosphatase.
Recently, sequence similarity has been noted between inositol monophosphatase and the inferred products of several diverse genes (29, 34) including the products of the suhB and amtA genes of E. coli, the qa-x gene of Neurospora crassa, and the qutG gene of Aspergillus nidulans. Based on the homology with inositol monophosphatase and evidence implicating these genes in the regulation of cellular processes (35) (36) (37) (38) (39) , it was suggested that these genes act by enhancing the synthesis or degradation of phosphorylated messenger molecules (34) . In mapping the aligned sequences of these genes onto the phosphatase structure, patterns of residue hydrophobicity are maintained in the structural core while insertions and more dramatic sequence variations occur in irregular segments, turns, or solvent-exposed residues. Very striking is the observation that residues from which the metal and phosphate binding sites are formed (see Fig. 2 ) are conserved in the sequences of these diverse genes (Fig. 3) . From these observations it appears that the phosphatase, suhB, amtA, qa-x, and qutG are members of a structural family and have a conserved metal binding site. In addition, the possibility that the products of suhB, amtA, qa-x, and qutG have phosphatase activities (34) Li+, has also been cloned (bovine), sequenced, and expressed in E. coli (8) . Although the enzyme appears to have no overall sequence homology with inositol monophosphatase, an alignment of the two protein sequences is possible in two regions ( Fig. 3 
